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Introduction 
Composite materials represent a major part of man-made materials that 
are used in many applications. The interaction of polymers with surfaces plays 
a crucial role in the final properties of these materials and, by understanding 
the surface processes and adsorption mechanisms, better systems can be 
designed. Therefore, the behavior of polymer molecules at interfaces has been 
the topic of many studies in recent years and a rough picture has been 
obtained.   
Keddie et al. obtained experimental results showing the dependence of 
the glass transition temperature (Tg) on the thickness of supported polystyrene 
films using ellipsometry1. Later, they also investigated supported poly(methyl 
methacrylate)(PMMA) films2. Their results indicated that a strongly attractive 
interaction between the polymer film and substrate (e.g. H-bonding between 
PMMA and the silicon native oxide) was responsible for an increase in Tg 
with decreasing film thickness. On the other hand, a weak interaction, as in PS 
with silicon oxide,  resulted in a decrease in Tg with decreasing film thickness. 
It was suggested that the reduction in the Tg value was caused by the presence 
of a liquid-like layer at the polymer-air interface. Estimates based on the 
observed thermal expansivities suggest that the characteristic length scale for 
this layer is ~80-130 Å. Similar results were obtained by other techniques, 
such as Brillouin light scattering, X-ray reflectivity, positron annihilation 
lifetime spectroscopy, fluorescence recovery after patterned photobleaching, 
atomic force microscopy and magnetic resonance (NMR and ESR)3-7. 
Although many new techniques have been used and much useful information 
has been obtained, the understanding of the properties of polymers adsorbed 
on solid surfaces is still far from complete. 
 Porter and Blum8 used modulated differential scanning calorimetry 
(MDSC) to investigate the thermal behavior of PMMA thin films adsorbed on 
silica. They found that the Tg of the adsorbed PMMA layer, at maximum 
adsorbed amount from toluene, was raised to 136 oC and 158 oC for half of 
that amount. Song et al.9 used MDSC to quantify the interfacial fractions in 
polymer blends. These studies suggest that MDSC may be a useful tool for 
investigating very small amounts of species on surfaces.   
 We report use of MDSC to investigate silica adsorbed PS-r-PMMA 
copolymers as a function of the adsorbed amount and copolymer composition. 
The derivative of the heat capacity signal, dCp/dT, from MDSC was used to 
elucidate the fractions of different mobility. In this way we were able to see 




 All the polymer samples used in this work were synthesised by solution 
polymerization in toluene at 60 oC with 33% monomer concentration. The 
composition of the copolymers was controlled by following the kinetics and 
adding appropriate amounts of the more quickly consumed monomer and 
measured by 1H-NMR10. Molecular mass was measured by gel permeation 
chromatography (GPC) in tetrahydrofuran (THF), relative to standard 
polystyrene samples. The results are shown in Table 1. 
 
Table 1. Bulk Polymer and Copolymer Samples 





PS 0 105 35,600 2.01 
PS-MA11 11.6 104 38,600 2.04 
PS-MA50 50.4 104 45,000 2.06 
PS-MA70 70.7 112 42,300 2.14 
PMMA 100 126 82,000 2.98 
a mole % of MMA units. 
 
 Adsorption experiments were conducted by first preparing solutions of 
the polymers in toluene. These solutions were allowed to equilibrate in 
centrifuge tubes with known quantities of fumed silica with a surface area of 
200m2/g, in a mechanical shaker for 48 h at 23 oC. The tubes were centrifuged 
and the coated silica was washed several times with toluene to remove 
polymers adsorbed beyond the monolayer coverage. Samples with additional 
coverage beyond the maximum adsorbed amount were prepared without 
washing. The polymer coated silica was dried overnight under vacuum at 70 
oC. The supernatant concentration was determined gravimetrically. The 
amount of polymer adsorbed was calculated from the knowledge of the initial 
and final concentration of solution and the amount of silica used. The 
adsorbed samples are  listed in Table 2. 
 
Table 2. Composition of Some Surface-adsorbed Samples 




Si-PS-1 PS 1.23 
Si-PS-MA11-1 PS-MA11 1.23 
Si-PS-MA50-1 PS-MA50 1.16 
Si-PS-MA70-1 PS-MA70 1.13 
Si-PMMA-1 PMMA 1.30 
 
 A TA Instruments model 2920 MDSC (New Castle, DE) was used for 
thermal analysis. For the coated silica samples, two heating scans and one 
cooling scan were taken from 25 to 280 oC, at a rate of 2.5 oC /min, a 
modulation amplitude of ±1 oC, with a period of 60 seconds. For the bulk 
samples, DSC was run under the standard mode at a rate of 10 oC /min, from 
25 to 200 oC. The second heating scans are reported so that all of the samples 
have a similar thermal history. The results are shown as differential reversing 
heat flow (dCp/dT) vs temperature (T). The Tg values of all bulk samples were 
reported as the temperatures of the humps.  
 
Results and Discussion 
 Figure 1 contains the DSC results PSMA-11, PSMA-50, PSMA-70 and 
PMMA adsorbed on silica with similar adsorption amounts. The adsorbed 
amounts for these copolymer samples are listed in Table 2. The adsorbed 
samples showed broader and more complex glass transition behavior from 
about 100  oC to about 160  oC. We labeled these humps as a, b and c, from the 
high to the low temperature. The transition at 100 oC (hump c) is very similar 
to that for the bulk sample. For PMMA, the transition a is the dominant 
feature. Humps b and c cannot be clearly separated. The relative sizes of 
humps a, b and c changed regularly as a function of MMA unit percentage in 
polymer chains. In other words, the intensity of c shrank while a increased 
when the MMA unit content in the polymer increased. At the same time, 
hump b stayed relatively the same in intensity. 
 
 
Figure 1.  DSC results for four adsorbed polymers (with different MMA unit 
percentages) at similar adsorbed  
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 The work of Song et al.9 suggested that the different transition 
temperatures in the MDSC curves were related to regions of different segment 
mobility. Therefore, we believe the humps of a, b and c can be regarded as the 
transitions of polymer segments with different mobilities on the silica surface. 
Hump a, at the high temperature end, can be assigned to those segments 
having lowest segment mobility, i.e., those segments connected to or very 
near the silica surface (trains). The hump labelled c had a similar transition 
temperature as that of the bulk sample, corresponding to the segments with 
similar mobility as the bulk sample. We believe that hump b is therefore 
related to segments of intermediate mobility between the two above. 
 It was also observed that the position of humps a, b and c did not change 
much with the polymer composition. On the other hand, their relative 
intensities changed regularly with composition. For the adsorbed PSMA-11 
sample, most of the intensity was located in the hump c area; very few 
segments appeared to be rigidly held near the silica surface (in trains). The 
presence of a solid surface had an only small effect over the whole film. For 
the copolymers containing more MMA units, more segments appear to be 
affected by the silica surface. Which resulted in lowering the intensity of 
hump c and an increase in intensity of hump a. For the adsorbed PMMA 
sample, almost all of the thermal activity is in the area of hump a, the high 
temperature area. For this sample, most of the segments appear to be affected 
by the surface. We believe that chains containing more MMA units have 
flatter configurations than chains with fewer MMA units with a higher 
fraction in trains. This tendency is clear from the comparison of samples with 
similar adsorbed amounts, but different compositions. The restricted segments 
(hump a), connected to the silica in trains, increased as the MMA unit 




 The high sensitivity of modulated differential scanning calorimeter 
(MDSC) makes it a very powerful tool for distinguishing the fractions with 
different mobilities in polymer thin films. Segments with different mobilities 
showed different glass transition temperatures in the dCp/dT vs T curves. A 
picture of the segment mobility profiles in the surface supported films shows: 
one layer with mobile segments, one layer with rigid segments and one layer 
between them that can be distinguished directly from the dCp/dT vs T curves 
in the form of different humps at about 100 oC, 130 oC and 160 oC, 
respectively. Through observation of the relative changes in the sizes of 
different humps, we draw the conclusion that the mobile fraction decreased 
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